PURPOSE. To investigate the topographic changes of the dark-adapted multifocal electroretinogram (mfERG) across adulthood in the central retina and compare the topography between macular versus extramacular, nasal versus temporal, and inferior versus superior retinal areas.
PURPOSE.
To investigate the topographic changes of the dark-adapted multifocal electroretinogram (mfERG) across adulthood in the central retina and compare the topography between macular versus extramacular, nasal versus temporal, and inferior versus superior retinal areas.
METHODS. Sixty-five subjects (18-88 years) received a comprehensive dilated eye examination to ensure the health of their retina and were tested with a dark-adapted mfERG protocol using a 61-hexagon pattern. The lens absorption of each subject was also estimated using a heterochromatic flicker photometry (HFP) paradigm.
RESULTS.
The response amplitude and latency of the dark-adapted mfERG showed a significant change with age, which was best described with a linear model. All the retinal areas examined demonstrated similar aging effects. The extramacular and temporal retina showed higher response amplitude and faster response latency when compared with the macular and nasal retinae, respectively. No difference was found in response amplitude and latency between the inferior and superior retina. The HFP results also showed a significant correlation with age, consistent with senescent increases in short wavelength absorption by the crystalline lens. However, the change in lens absorption did not exceed the magnitude of the change in response amplitude and latency.
DISCUSSION.
Our results indicate that there is a decline in dark-adapted retinal activity as measured with the mfERG. These aging processes affect rods and rod-bipolar cells. Their decrease in response can be attributed to both optical and neural factors.
Keywords: scotopic vision, mfERG, topography of mfERG, dark-adapted ERG, aging vision V ision under dark-adapted, or scotopic, conditions is initiated by the rod photoreceptors that reach their maximal sensitivity after approximately 40 minutes in the dark. Many factors determine dark-adapted vision. One such factor is normal aging. 1 Another is pathology, either retinal (i.e., AMD, diabetic retinopathy) 2, 3 or systemic (i.e., vitamin A deficiency, Diabetes Mellitus). 4, 5 Because the risk of these retinal and systemic pathologies increases with age, compromised darkadapted vision might be the result of these two factors. Older subjects show a slowing of the dark-adaptation process and they may require up to 90 minutes to reach their maximum sensitivity. Furthermore, older adults also show a reduction in absolute sensitivity, irrespective of the dark-adaptation time. 1 Either way, the common denominator is that the function and kinetics of the rod system are altered. Due to high spatial and temporal summation of the scotopic system, however, detectable changes might not occur after neuronal loss has already taken place. 6 Several studies have also suggested that the rod system is more vulnerable to aging and disease than the cone system, 7, 8 making it an 'ideal' candidate for early detection of retinal pathologies.
In vitro photoreceptor topography of excised human retina 8 showed a greater loss of rods in the central 4 mm (~148) of the retina compared with the periphery. Approximately 34,000 rods are lost per year from early adulthood to the nineties, with the greatest loss occurring between 1 and 2 mm from the fovea. There is, however, reorganization of the remaining rods so that the covered area and rhodopsin density change little throughout adulthood. [8] [9] [10] Furthermore, nonuniform rod loss is not reflected by variations in scotopic sensitivity across the retina, 11 suggesting that postreceptoral mechanisms need to be taken into consideration. A suitable test to resolve this discrepancy is the dark-adapted ERG as the origins of its components are post receptoral, namely the bwave. When the dark-adapted ERG is coupled with the multifocal technique, 12 it offers spatial information that can be used to assess local changes in dark-adapted function. Hood et al. 13 first recorded the dark-adapted multifocal electroretinogram (mfERG) on humans, and Nusinowitz et al.
14 on mice, and later many found useful applications in assessing diseases of the retina.
None of the aforementioned studies looked into the effect of age on the dark-adapted mfERG, with the exception of Feigl et al. 19 They tested the differences between younger (age range 28-36 years) and older (age range 64-75 years) subject groups. In this study, we sampled across adulthood to obtain objective spatially resolved information about dark-adapted function throughout the central retina (~408). These results provide normative data for dark-adapted mfERGs throughout adulthood that could be used to detect abnormalities in aging or pathologic conditions.
METHODS

Subjects
Written informed consent was obtained from all subjects. This research followed the tenets of the Declaration of Helsinki and was approved by the University of California Davis' institutional review board. Subjects with systemic pathology known to affect vision (i.e., diabetes) were not included in the study. All subjects underwent a dilated eye exam by an optometrist to rule out any ocular pathology, and monocular LogMAR bestcorrected visual acuity (BCVA) was obtained with an Early Treatment Diabetic Retinopathy Study chart. Subjects with BCVA worse than 20/25 and refractive error worse than 6 5.0-diopters (D) sphere and þ 2.5-D cylinder were excluded from the study. Color fundus images of 508 without any filters were acquired with a retinal camera (Topcon TRC.501X Retinal Camera; Topcon, Tokyo, Japan). A retinal specialist evaluated the color fundus images, and subjects who were suspected to have any ocular/retinal pathology (i.e., diabetic retinopathy, AMD) were excluded from this study's subject cohort. Sixtyfive subjects (age range 18-88 years) participated. All were classified as AREDS category I (fewer than 5 small drusen [<63 lm], and BCVA of 20/32 or better in both eyes). 21 There were approximately 10 subjects per each age decade starting at 18 years.
Scotopic mfERGs
Scotopic mfERGs were recorded from one eye of each subject; whichever had the highest BCVA. The Veris Pro 6.3.2 was used with the FMS III stimulator running at 75 Hz (EDI, Redwood City, CA, USA). The pupil was dilated with 1% tropicamide and 2.5% phenylephrine. Our lab found that this combination of tropicamide and phenylephrine ensures maximum dilation for both the younger and older observers with no significant group differences in the diameter of the dilated pupil. 22 Multifocal electroretinogram responses were obtained using a DTL electrode (Diagnosys LLC, Lowell, MA, USA) and standard ground and reference gold-cup electrodes, which were placed on the forehead and close to the temporal canthus, respectively, according to International Society for Clinical Electrophysiology of Vision standards for photopic mfERGs. 23 The impedance was measured with VERIS' built-in feature and maintained below 5 KX for the entirety of the procedure. A 18 FIGURE 1. The frame sequence used for recording the scotopic mfERGs. The m-sequence started with a blank frame, followed by the stimulus frame and two more blank frames. The stimulator's refresh rate was 75 Hz resulting in a frame duration of 13.3 msec for a total of 66.5-msec interstimulus interval. The figure illustrates 2 m-steps. cross in the central hexagon was used as a fixation target. During each recording segment, the fixation target blinked 3 to 10 times and the subjects were instructed to count the blinks and report the number at the end of the recording. This task was challenging for subjects of all ages, but it was effective for maintaining alertness and fixation.
Scotopic mfERG responses were recorded after a 40-minute period of dark adaptation. The dark-adapted mfERG protocol is described elsewhere. 20 Briefly, an unscaled 61-hexagonal pattern was used to elicit the responses from the central approximately 408, resulting in a resolution of approximately 4.48 per hexagon. An m-sequence of 14 resulted in approximately 14-minutes recording time that was split into approximately 30-second segments. Inserting three blank frames (one before the stimulus and two after, Fig. 1 ) slowed the msequence. 13 The blank frame at the beginning of the sequence was inserted to avoid any possible rod adaptation prior to the beginning of the recordings. This configuration resulted in four frames per m-step with three blank frames in between the stimulus frames. We should acknowledge the fact that reducing the number of frames in the m-sequence results in reduced rod response as discussed in Hood et al. 13 However, this should not be a reason for concern, as long as future recordings that are compared with the present recordings follow the same recording protocol. The amplifier gain was 100 K, the signal was sampled at 4800 Hz, and the low-and high-frequency cutoffs were set to 3 and 100 Hz, respectively, with the ability for offline filtering.
The blue LED of the system (k max~4 50 nm) was used to shape the spectral output of the stimulator. A linear polarizer and a Kodak Wratten-47B filter (dominant k ¼ 466 nm) were placed in front of the stimulator to produce scotopic luminances ( Fig. 2a) with short wavelength spectral characteristics. The luminance of the stimulator was calibrated for different polarization angles with a photometer (Minolta ChromaMeter; Konica Minolta, Tokyo, Japan; Fig. 2b) .
The VERIS infrared camera that captures the subject's eye or fundus during recordings was not able to operate when the radiant power of the infrared light emitting diodes (LEDs) was reduced with the use of a neutral density filter to scotopic levels. The stimulator and the infrared camera, however, are placed on different optical paths within the FMS III, the one containing a linear polarizer (stimulator) and the other not (infrared camera). This configuration allowed us to control the luminance of the stimulator with an external linear polarizer while the optical path of the infrared camera remained unaffected, thereby permitting visualization of the subjects' eye during scotopic recordings. The luminance of the bright state was À2.5 log cd/m 2 and that of the dark state close to zero resulting in more than 99% contrast. The surrounding background luminance was set to À2.8 log cd/m 2 so as to minimize the stray light effects, as discussed in Hood et al. 13 The amplitude of the dark-adapted mfERG was measured from the baseline to the peak of the response. According to the photopic mfERG nomenclature, this peak corresponds to the P1. 24 Similarly, the response latency was measured from the onset of the stimulus to the peak.
Heterochromatic Flicker Photometry
Heterochromatic flicker photometry was used to estimate the relative optical density of each subject's ocular media. The blue and red phosphors of a CRT monitor (FlexScan; EIZO, Hakusan, Japan) were flickered in 20-Hz sinusoidal counterphase. The two lights formed an annular disk of approximately108 to 408 inner/outer diameter using a ViSaGe graphics card and the Visual Psychophysics Engine (Cambridge Research Systems Ltd, Rochester, UK). The central 108 of the stimulus was removed to avoid confounding effects of macular pigment absorption. The luminances of the two disks were yolked so that the sum of the red and blue phosphor luminance was always 30 cd/m 2 . The task for the subjects was to change the relative luminance of the two disks so as to minimize the perceived flicker. For example, if the subject set the ratio R/(RþB) (where R is the luminance of the red phosphor and B is the luminance of the blue phosphor) at 0.5, then R¼B, the point of minimum flicker. A lower ratio means that the ocular media of this subject absorbed more shortwavelength light; greater short-wave radiance was required for equiluminance. Knowing that the lens absorbs mainly at short wavelengths and its optical density increases with age, we would expect that the R/(RþB) would decrease as a function of age. Figure 3 shows the scotopic mfERGs of two subjects ages 20-and 72-years old. Note that both subjects show a slight reduction in the amplitude of the dark-adapted mfERGs in the central retinal areas.
RESULTS
To study changes in the dark-adapted mfERG with age, and be able to compare it with histologic studies, we grouped the traces of the 61 hexagons in four different configurations. Figure 4 shows the results of the first analysis. All responses from the stimulated retinal area were averaged to quantify the aging effect throughout approximately 408 of the central retina. The left panel shows the grouped hexagons (i.e., the whole retinal area). The two other panels show the amplitude (middle) and latency (right) of the dark-adapted mfERGs as a function of age. There is a significant negative correlation between log amplitude and age (r ¼À0.4172, P < 0.01) as well as a significant positive correlation between log latency and age (r ¼ 0.5744, P < 0.001). Amplitude decreased by 0.0032 log nV/deg 2 /year and latency increased by 0.0013 log msec/ year (see Table 1 for a summary of the slope values).
The second hexagon grouping is shown in Figure 5 to separate responses from the central 208 of the retina (called the macular area) and a 108 ring subtending 108 to 208 eccentricity (called the extramacular area), as shown in the left panel of Figure 5 . The extramacular area shows higher amplitude and faster latency compared with the responses of the macular area (see Table 2 for P values for testing the differences in amplitude and latency between the paired retinal locations).
There is a significant correlation between amplitude and age and between latencies and age for both areas. The amplitude of the extramacular area declined by 0.00269 log nV/deg 2 /year (r ¼ À0.3230, P < 0.05) and that of the macular area by 0.0030 log nV/deg 2 (r ¼ À0.3278, P < 0.05). The latency of the extramacular area increased by 0.00128 log msec/year (r ¼ 0.5579, P < 0.005) and that of the macular area by 0.00123 log msec/year (r ¼ 0.5255, P < 0.01). There was no significant interaction between the two areas and age for slopes of amplitude (P ¼ 0.8307) or latency (P ¼ 0.8864).
The third analysis, shown in Figure 6 , separates the nasal and temporal retina. Each area subtends approximately 208 of retinal eccentricity as shown in the left panel of Figure 6 . The temporal retina shows a significantly higher amplitude and faster latency compared with the nasal retina ( Table 1 ). There is a significant correlation between amplitude and age and latency and age for both the temporal and nasal retina. The amplitude of the temporal retina decreased by 0.0030 nV/deg 2 / year (r ¼ À0.3399, P < 0.01) and that of the nasal retina by 0.00239 nV/deg 2 /year (r ¼ À0.2958, P < 0.05). The latency of the temporal retina increased by 0.00122 log msec/year (r ¼ 0.5595, P < 0.001) and that of the nasal retina by 0.00127 log msec/year (r ¼ 0.5171, P < 0.001). Testing for interactions between the two areas and age shows that there is no statistically significant difference between the slopes of amplitude (P ¼ 0.0.6744) or latency (P ¼ 0.8828) for the two retinal areas.
The final hexagon configuration, shown in Figure 7 , separates the responses from the superior and inferior retina. Each area subtends approximately 208 of retinal eccentricity. There is no statistically significant difference between the amplitudes of the two retinal areas, but there is a significant difference between their latencies (Table 1 ). There is a significant correlation between amplitude and age and latency and age for both the superior and inferior retina. The amplitude of the superior retina decreases by 0.00203 nV/ deg 2 /year (r ¼À0.2545, P < 0.05) and that of the inferior retina by 0.00237 nV/deg 2 /year (r ¼À0.2987, P < 0.05). The latency of the superior retina increases by 0.00162 log msec/year (r ¼ 0.6279, P < 0.001) and that of the inferior retina by 0.00114 log msec/year (r ¼ 0.4862, P < 0.001). There was no significant interaction between the two retinal areas and age for either slopes of amplitude (P ¼ 0.8051) or latency (P ¼ 0.1836). Figure 8 shows the results of the HFP experiment. There is a significant correlation between HFP and age (r ¼ À0.591, P < 0.001). The HFP ratio is higher for younger observers and Red data points and fitted lines correspond to the macular area; blue data points and fitted lines correspond to the extramacular area. The dashed lines are the 95% confidence bounds for the linear regressions. For the macular area, the amplitude slope is À0.003 nV/deg 2 /year (r ¼ À0.3278, P < 0.05) and the latency slope is 0.00123 log ms/year (r ¼ 0.5255, P < 0.01). For the extramacular area, the amplitude slope is À0.00269 nV/deg 2 /year (r ¼À0.3230. P < 0.05) and the latency slope is 0.00128 log ms/year (r ¼ 0.5579, P < 0.005).
lower for older observers, indicating that the older observers require more short-wave light to equate the luminances of the red and blue phosphors. This increase is proportional to the higher optical density of the lens in older individuals.
DISCUSSION
This study describes rod-mediated function as measured with the dark-adapted mfERG. In general, there is a significant negative correlation between age and amplitude as well as a significant positive correlation between age and response latency. The current study also examined the topography of the dark-adapted mfERG. Statistically significant differences in amplitude and latency were found between nasal and temporal retina and between the macular and extramacular areas. No significant difference was found between inferior and superior retina. No statistically significant difference was found in the amplitude and latency slopes for the three paired locations examined here, meaning that no retinal area was found to be more vulnerable to normal age-related change with the mfERG.
In the current study, we also estimated the relative degree of short-wavelength absorbance by the aging ocular media using an HFP paradigm so as to disentangle the neural losses from those due to reduced retinal illuminance in the aging eye. A significant negative correlation between age and the HFP ratio was found as expected, suggesting an increased absorbance of short-wavelength light by the ocular media of the older adults. When comparing the results between the dark-adapted mfERGs and HFP experiments, the slopes in the mfERG response amplitude were greater, in general, than that of the HFP ratio. Therefore, the difference between the slopes of response amplitude and HFP slope can be at least partly attributed to senescent retinal mechanisms and not optical factors alone. As already mentioned, this study fills a gap in the literature regarding the aging of the mfERG responses throughout adulthood. A previous study by Feigl et al. 19 examined agerelated change in the dark-adapted mfERG response between a small cohort of younger (n ¼ 10, 28-36 years) and older adults (n ¼ 10, 64-75 years). Feigl et al. 19 did not find a difference in amplitude between the two age groups. Given the variability of the response amplitude in our study, a small number of participants might not be sufficient to reveal any age-related differences. However, the authors 17 did find a significant delay in the older adults' response latency. The variability in response latency is, in general, much lower than that of the amplitude variability (~0.2 log units compared with~0.8 log units for the response amplitude in our study), which could explain the discrepancy in amplitude differences between the two studies. Also, we recruited a broader age range with approximately 10 subjects per decade, which allowed us to examine changes in the dark-adapted mfERG across adulthood.
Our results are not directly comparable with those obtained with full-field dark-adapted ERGs due to differences in rod population and neural sampling in the extreme peripheral retina. Nevertheless, it is worth noting that Birch et al. 25 found an age-related decline in full-field dark-adapted ERG amplitude in a cohort of subjects with ages ranging between 1 week and 79 years, with the vast majority of their subjects being between 5 and 25 years. Our results are consistent with their results, even if they can be only qualitatively compared, as both studies agree that there is a decline in the dark-adapted response amplitude with age.
The decrease in response amplitude and increase in response latency in the dark-adapted mfERG could be attributed to several factors. One factor is the difference in the spectral composition of the retinal image across the different ages. The higher absorption of short-wavelength light by the aging ocular media means that the retinal illuminance is reduced in older adults at the area of the visible spectrum where the rods are most sensitive. Age-adjusted corrections could be made for the retinal illuminance following lens absorption models, 6, 26, 27 but in this study, we directly estimated the relative density of the ocular media based on HFP. The difference between the amplitude versus age slopes and the HFP ratio versus age slope shows that the lens absorption indeed is a factor contributing to the age-dependent reduction in response. However, increased lens absorption cannot completely explain the loss in the dark-adapted mfERG signal in the older adults.
Additional factors that may have contributed to our results could be age-related rod apoptosis as well as changes in the permeability of the RPE/Bruch's membrane complex. Curcio et al. 8 showed that the number of rods significantly decreased within a 6-mm radius from the center of the retina (~208) as a function of age. The peak dropout was found at approximately . Amplitude and latency of averaged responses for two retinal areas; the nasal retina (red) and the temporal retina (blue). See Figure 5 legend for details. Both areas subtend approximately 208. The middle panel shows the log nV/deg 2 as a function of age and the right panel the log latency as a function of age for both retinal areas. For the nasal retina, the amplitude slope is À0.00239 nV/deg 2 /year (r ¼À0.2958, P < 0.05) and the latency slope is 0.00127 log ms/year (r ¼ 0.5171, P < 0.001). For the temporal retina, the amplitude slope is À0.0030 nV/deg 2 /year (r ¼À0.3399, P < 0.01) and the latency slope is 0.00122 log ms/year (r ¼ 0.5595, P < 0.001).
2-mm eccentricity (~78) while the rate of rod death is approximately 340,000 rods/year in the central 4-mm eccentricity (~138). Experiments that estimate rod kinetics (namely the slope of the rod-phase in dark adaptation measurements) also point to changes in the rhodopsin regeneration rate with age. 1, 2 Older adults show slower rates of dark adaptation when compared with younger adults. One possible explanation might be that the RPE/Bruch's membrane complex that facilitates nutrient transport from the choriocapillaris to the photoreceptors becomes less efficient over time. 1, 7 The transport of nutrients necessary for the retinoid cycle, such as vitamin A through the RPE/Bruch's membrane complex might be obstructed in older adults and alter the rod-response. Of course, we need to acknowledge that dark adaptation responses are much more complex in nature than the responses we describe in this study, as they potentially involve mechanisms beyond the rods and bipolar cells that mediate dark-adapted ERG responses.
In addition to the overall age-related changes, we examined the variation in scotopic mfERG responses between several retinal areas. A significant difference in response amplitude and latency was found between the macular and extramacular areas, with the larger amplitude and faster response latency in the extramacular area. These findings can probably be explained by the rod distribution and rod convergence across the retina. The peak rod density appears at approximately 208 eccentricity, an area that falls in the extramacular group in our configuration, and could explain the elevated P1 amplitude. Similarly, increased rod convergence to bipolar cells in the peripheral retina, might mean faster bipolar cell latency due to the sum of many more rod responses converging onto a single bipolar cell. This would be consistent with psychophysical results of Arden and Weale 28 demonstrating faster dark adaptation rates with larger stimuli.
Nasal-temporal asymmetries in the retina are well documented in various studies that involve primarily cone sensitivity 29, 30 but also rod sensitivity, 31 and they all point to the temporal visual field (nasal retina) exhibiting better performance. Between the nasal and temporal retina, rod density is slightly higher in the nasal retina, especially in the periphery, however, the presence of the optic disk creates a drop in the rod density and consequently in rod sensitivity at this area. The average area of the optic disk is roughly 10 mm 2 , while the area of the nasal retina that has been stimulated in our experiments is approximately 54 mm 2 . Hence, the optic disk occupies 20% of the nasal retina, which could explain the lower response amplitude we found in this study. The density of the rods is similar between the superior and inferior retina, thus reflecting the similar response amplitudes between the two regions found here.
The findings of the present study demonstrate the localized changes in the rod-mediated activity of the central retina that occur during adulthood and provide reference data for studies of retinal and macular diseases. Although normal aging appears to affect the dark-adapted mfERG responses similarly across retinal locations, as we have shown earlier, 20 the mfERG has the power to detect localized changes in retinal function in ocular pathologies that manifest themselves in particular regions of the retina (i.e., AMD). Moreover, the spatial resolution of the scotopic mfERG has an advantage over psychophysical methods for revealing retinal abnormalities that might be masked by downstream visual processes. The middle panel shows the log nV/deg 2 as a function of age and the right panel the log latency as a function of age for both retinal areas. For the superior retina, the amplitude slope is À0.00203 nV/deg 2 /year (r ¼ À0.2545, P < 0.05) and the latency slope is 0.00162 log ms/year (r ¼ 0.6279, P < 0.001). For the inferior retina, the amplitude slope is À0.00237 nV/deg 2 /year (r ¼À0.2987, P < 0.05) and the latency slope is 0.00114 log ms/year (r ¼ 0.4863, P < 0.001). 
